In an electron-spin two-level system a bichromatic radiation field, consisting of a transverse microwave field and a radio frequency field oriented parallel to the static magnetic field, can induce multiple photon transitions of the type mw + + k rf , with the photons mw + and rf absorbed from the microwave and radio frequency fields, and k being an integer. The two-level spin system may become transparent under such a bichromatic radiation field. This phenomenon directly depends on the presence of the photons of the longitudinal radio frequency field. An analytical description of the multiple photon processes and the resulting transparency effects, based on a toggling-frame approach, is given. The effective field amplitudes of the multiple photon transitions are found to have a Bessel-function-like dependence on the radio frequency amplitude. The behavior of the magnetization vector during a bichromatic pulse is illustrated by using classical equations of motion. The theoretically predicted effects are verified experimentally. As an example for an application of the investigated type of electromagnetically induced transparency, a one-pulse echo experiment is described, where the free evolution period is created artificially.
I. INTRODUCTION
There are different means to make an opaque medium transparent. In the case of self-induced transparency the material becomes transparent when the flip angle of a radiation pulse applied to a two-level system reaches 2. In this experiment, first described in optics by McCall and Hahn in 1969 [1] , a light pulse propagates through many Beer's absorption lengths of a dense medium. Self-induced transparency has also been observed in electron paramagnetic resonance (EPR), using so-called zero-area pulse propagation, where the phase of the microwave (mw) radiation is changed during the pulse [2] .
More recently, electromagnetically induced transparency (EIT) has been described [3] [4] [5] [6] . In EIT a coherent superposition of two states is prepared by irradiating the system with a resonant pump laser. The electric dipole moments of the two transitions that connect these two levels with a third level show then destructive interference [3] . As a result a resonant probe laser can no longer induce transitions; the system is transparent. EIT has also been observed in electron-nuclear-spin systems with pulse EPR [7] , and with optically detected continuous-wave (cw) EPR [8, 9] .
It was shown that EIT can also take place in two-level systems [10] . An atomic two-level system in a strongcoupling field can become transparent to a second probe field due to quantum interference between different multiple photon transition pathways. The behavior of two-level atoms subject to a bichromatic field nearly resonant to the transition was studied using different approaches [11] [12] [13] [14] [15] [16] [17] . Consistently, a fluorescence spectrum is predicted that shows lines at various subharmonics of the used laser frequencies, which fits well to the experimental results [18] . In this work we introduce a related transparency phenomenon that can be observed in two-level spin systems in a bichromatic field consisting of a mw field and a radio frequency (rf) field. The effect is also based on the destructive interference of multiple photon processes, resulting in a vanishing overall transition amplitude. The difference of our experiment to the optical experiments mentioned above lies in the fact that in our case the two fields are different in polarization and differ in the frequencies by about three orders of magnitude.
During a transition between two levels in a spin system not only the energy but also the overall angular momentum has to be conserved. In an S =1/2 electron-spin system with two levels, described by the magnetic spin quantum numbers m S =1/2 and m S = −1 / 2, the angular momentum is provided by photons that are absorbed from a circularly polarized radiation field, oriented perpendicular to the quantization axis of the spins (in our case the external static magnetic field B 0 ). In an EPR experiment this is the right-hand circularly polarized component ( + photons) of a linearly polarized mw field perpendicular to B 0 . Another possible process for which the angular momentum is conserved is the combined absorption and emission of mw + photons of different frequencies (for example, 1 + − 2 + + 1 + ). Various cw and pulse EPR and nuclear-magnetic-resonance (NMR) experiments are based on this process [19] [20] [21] [22] [23] [24] [25] [26] .
If in an EPR experiment in addition to the mw radiation a linearly polarized strong rf field is applied parallel to B 0 , multiple photon transitions of the type mw + + k rf are induced [27, 28] . During such multiple photon transitions one mw + photon is absorbed and k rf photons, with m J = 0, are absorbed or emitted. The parameter k Z describes the net number of rf photons absorbed ͑k Ͼ 0͒ or emitted ͑k Ͻ 0͒ during the transition. Since photons have zero angular momentum, there is no restriction to the number of absorbed rf photons, as long as energy conservation is fulfilled. mw + k rf multiple photon transitions are observed at higher or lower magnetic fields (and thus called sidebands) with respect to the single-photon transition (center band), as is shown in Fig. 1 . Recently we have proven that mw + + k rf multiple photon transitions are the dominant features in the spectra obtained with field-modulated cw EPR spectroscopy [29, 30] . They manifest as a large number of (usually unresolved) modulation sidebands and are responsible for the derivative line shape commonly observed in cw EPR spectra.
Two-photon transitions of the type mw + + mw in two-level electron-spin systems have been studied extensively [31] [32] [33] [34] . Also multiple photon transitions mw + + k mw with k up to 6 have been reported [35] . The corresponding rf − + rf twophoton transitions were used for excitation in NMR noise spectroscopy [36] . In cw electron-nuclear double resonance (ENDOR), lines observed at low frequencies were identified as mw + + rf two-photon transitions [37] . In this study we focus on a special type of multiple photon transition, namely, the −m rf + mw + + m rf transitions, with k Z. These transitions fulfill the same resonance condition as a single-photon transition. We demonstrate that for properly chosen experimental parameters of the rf field the net transition amplitude for the transition in a two-level spin system becomes zero. The spin system is transparent owing to destructive interference of the different −m rf + mw + + m rf multiple photon processes, induced by the longitudinal rf field. Corresponding effects can also be observed on the sidebands.
First, we present a theory for the description of the observed transparency, based on the toggling-frame approach introduced recently to describe multiple photon transitions in cw EPR experiments [29, 30] . Then we illustrate different phenomena related to the transparency effect by using a classical vector model. The transparency phenomenon is verified experimentally by a nutation and a spin-echo experiment. Finally, we introduce a different type of echo, which can be observed after a single mw pulse by creating an artificial free evolution period during part of the pulse.
II. THEORY

A. Toggling frame
The semiclassical Hamiltonian of an S =1/2 electron-spin system, exposed to a linearly polarized transverse mw field along the laboratory x axis and a linearly polarized longitudinal rf field and a static magnetic field along the laboratory z axis, in angular frequency units, is given by
with the Larmor frequency S =−␥ e B 0 = g␤ e B 0 / ប, the mw field with frequency mw , phase mw , and amplitude 2 1 =−␥ e B mw , and the rf field with frequency rf , phase rf , and amplitude 2 2 =−␥ e B rf . If the only oscillating field is the transverse mw field, the time evolution of the spin system is usually described in the rotating frame, where the spin Hamiltonian is time independent [38] . In the case at hand with two radiation fields, the theoretical treatment is more involved. Recently, we introduced a toggling-frame transformation for the description of field-modulated cw EPR experiments in terms of mw + k rf multiple photon transitions [29] , which will be used here for the characterization of multiple photon transitions driven by bichromatic pulses and for the description of the investigated transparency effects.
The spin Hamiltonian in Eq. (1) is transformed from the laboratory frame to the singly rotating frame 
͑4͒
is the toggling-frame rotation operator. Note that the toggling frame is not the doubly rotating frame that is regularly used to describe excitation by two transverse fields. In that case a Hamiltonian in the laboratory frame is subject to two subsequent standard rotating-frame transformations. By neglecting the counterrotating part of the mw field, which would manifest as a Bloch-Siegert shift [39] of the energy levels, the Hamiltonian can be written as [29] 
of the energy levels. It can be shown that ⌬ −k =−⌬ k . Consequently, there is no shift for the single-photon transition, ⌬ 0 =0. The time-dependent terms also lead to higher-order corrections of the effective field amplitude. Calculated up to third order we find
The first-order coefficient c k ͑1͒ in Eq. ͑7͒ describes the effective field 1 
͑8͒
where k = mw + k rf is the phase of the effective field. The Hamiltonian in Eq. ͑8͒ essentially describes the spin system exposed to an effective radiation field with frequency mw + k rf , phase k , and amplitude 1,k . Note that the Hamiltonian in Eq. (8) is based on the assumption that the quantization axis in the singly rotating frame is oriented approximately along the z axis. The mw field is treated as a weak perturbation of the diagonal part of the Hamiltonian in Eq. (3). This approach is valid as long as the mw field 1 is smaller than the resonance offset ⍀ S = S − mw , which is normally the case for multiple photon transitions with ͉k͉ Ͼ 1. For the single-photon transition, on the other hand, 1 may easily exceed ⍀ S . Thus for larger mw amplitudes the quantization axis in the singly rotating frame has to be oriented along the effective field vector eff = ⍀ S + 1 . This is achieved by a rotation about the y axis by the angle = arctan͑ 1 / ⍀ S ͒. With the mw phase mw =0, we find for the Hamiltonian in the tilted frame
with eff = ͑⍀ S 2 + 1 2 ͒ 1/2 . A transformation to a toggling frame by a rotation operator analogous to Eq. ͑4͒,
results in
where all higher-order corrections are omitted. Obviously, the term with S x vanishes for k = 0. For weak mw fields, 1 Ӷ k rf Ϸ ⍀ S , the Hamiltonian in Eq. ͑11͒ becomes equal to the Hamiltonian in Eq. ͑8͒, whereas for 1 ӷ⍀ S , we find
For ͉k͉ Ͼ 1, the second term is very small, and zero for ⍀ S = 0. In practice only the case with k = 1 is of importance. The Hamiltonian in Eq. (12) describes rotary saturation introduced by Redfield [40] . In this cw NMR experiment in addition to the driving transverse rf field a second field in the audio-frequency range is applied parallel to B 0 . When the frequency of this second field equals eff , the steady-state transverse magnetization is reduced, which is explained as saturation of the transition induced by the second field in a tilted doubly rotating frame. A similar experiment has recently been carried out in pulse EPR. In pulse dressed EPR, one or several rf pulses applied along the z axis flip the spin coherence that is spin-locked by a high-turning-angle mw pulse [41] .
Since for the single-photon transition with k = 0 the Hamiltonian in Eq. (11) gives only the oversimplified result H TF,0 Ј = eff S z , we have to use Eq. (8) for the description of transparency on this transition. For large mw amplitudes, as used in pulse EPR experiments, higher-order effects have to be taken into account.
B. Transparency induced by the longitudinal rf field
We now describe the multiple photon transitions of the type −m rf + mw + + m rf in more detail. In the case of a resonant mw field, mw = S and k = 0, energy and angular momentum are conserved not only for the single-photon process but also for the −m rf + mw + + m rf multiple photon processes [see Fig. 2(a) ]. In the single-photon process (1), one mw + photon is absorbed, whereas in the two three-photon processes (2) with m = ± 1 one rf photon and one mw + photon are absorbed, and one rf photon is emitted. Also five-photon processes (3) with m = ± 2 and processes of higher order have to be considered. The effective field for the single-photon transition is plotted in Fig. 2(b) as a function of the normalized rf amplitude z =2 2 / rf , together with the contributions of the processes (1), (1)ϩ(2), and (1)ϩ(2)ϩ(3).
For rf amplitudes z Ͻ 1, the effective field can be well approximated by only considering the processes (1) and (2), and for z Ͻ 2 by considering the processes (1), (2) , and (3). The effective field amplitude 1,0 for the absorption of one mw + photon is given by the sum of the effective field amplitudes of all contributing multiple photon processes,
A corresponding behavior is found for the sidebands, as is shown in Fig. 2͑c͒ for the mw + + rf two-photon transition ͑first sideband, k =1͒, and the corresponding multiple photon processes of the type −m rf + mw + + ͑m +1͒ rf . There is an alternative to the description in the toggling frame, where the contributions of the different multiple photon processes spanning a certain energy difference are summed up to one effective field amplitude. The dynamics of our two-level spin system could also be treated in terms of a spin system dressed by the (strong) rf field. The weak mw field then induces resonant transitions between such dressed states. A corresponding method was applied by Freedhoff and Chen to calculate the fluorescence spectrum of a twolevel atom driven by a strong bichromatic laser field [11] . While the two approaches are equivalent from a physical point of view, the toggling-frame approach is better suited to describe the dynamics of the multiple photon transitions.
Of special interest is the finding that the effective field 1,k can be zero. The two-level system then becomes transparent. For the center band (single-photon transition) the effective field 1,0 is zero at the zero crossings of the Bessel function J 0 ͑z͒. The first zero is at z = j 0,1 Ϸ 2.4048, the second zero at z = j 0,2 Ϸ 5.5201, etc. For the two first sidebands [k = ± 1, with S = mw ± rf , see transitions (1) and (2) in Fig.  1 ] the effective field 1,1 is zero at z = j ±1,1 Ϸ 3.8317, z = j ±1,2 Ϸ 7.0156, etc. For larger mw amplitudes the third-order contribution c k ͑3͒ in Eq. (7) causes a shift of the zero crossings. Figure 3 
of the effective fields 1,k in the corresponding toggling frames show different dependences on the rf phase. In Table  I we have evaluated Eq. ͑14͒ for a number of values of the rf phase rf , in different toggling frames with k =−3, ... ,3.
The mw phase was set to x͑ mw =0͒. A change of the rf phase by , for example, has different effects on the effective fields. While for the toggling frame describing the single-photon transition the phase 0 does not change, the effective fields of the two-photon transitions experience a change in phase by , resulting in ±1 =−x. When the rf phase cycle ͓͑0͒ − ͔͑͒ is applied, the signals generated by the single-photon and the mw + ±2 rf threephoton transitions (and all other transitions with an even number of rf photons) are eliminated, but not the signals of the mw + ± rf transitions and all other transitions with an odd number of rf photons. The rf phase cycle ͓͑0͒ − ͑ /2͒ + ͑͒ − ͑3 /2͔͒, on the other hand, selects the three-photon transitions and removes the signals of the one-and two-photon transitions. This procedure can be extended to a random rf phase. Averaging over a sufficiently large number of experiments then leads to a complete removal of all coherences on the sidebands, and only coherence on the single-photon transition remains.
When the density operator is transformed to a toggling frame, polarization remains unaffected, while coherence that is already present experiences a phase shift
caused by the rotation operator in Eq. ͑4͒. Since the phase shift of the coherence ͓Eq. ͑15͔͒ and the phase shift of the effective field ͓Eq. ͑14͔͒ are different, rf phase cycles are preferably applied when no coherence is present.
III. VECTOR MODEL
One might be tempted to describe the investigated transparency phenomenon, by using an oversimplified qualitative approach, in which the longitudinal rf field is treated as constant over short-time intervals. From such a point of view the transparency would just be the result of a reduced amount of time during which the spin system is resonant with the mw field. An increase in rf amplitude thus would lead to a decrease of the averaged absorbed mw power. This simple view, however, clearly contradicts the findings presented in Sec. II and fails to predict the distinct rf field amplitudes for which transparency occurs.
In the following we give a classical description of the transparency effects based on the equation of motion for the magnetization vector M. Two borderline cases are discussed.
(1) Starting from thermal equilibrium. The magnetization vector is oriented along B 0 , and only spin polarization exists.
(2) Starting from transverse magnetization. Only spin coherence exists.
For both cases numerically calculated trajectories that describe the motion of the tip of M are shown for weak and strong mw amplitudes. In addition, we also discuss the effects caused by inhomogeneous lines. In all the simulations a radio frequency of rf /2 = 10 MHz is used.
A. Polarization
First we consider the behavior of M under a bichromatic pulse starting from longitudinal magnetization.
Weak mw field
For a weak mw field with amplitude 1 /2 = 0.01 MHz, as it is typically used in cw EPR experiments, the third-order term c k ͑3͒ in Eq. (7) is negligible. The first transparency condition for the single-photon transition is thus reached at z = j 0,1 = 2.4048. Starting from thermal equilibrium a bichromatic pulse is applied, with a mw field 1 along the x axis of the rotating frame and a rf field 2 2 sin͑ rf t͒ along the z axis. The magnetization vector M describes a figure of eight, very close to the z axis [ Fig. 4(a) ]. The motion of M can be described as follows: For t = 0 the effective field vector is given by eff = 1 , and M nutates around the x axis. Since 
x y −x −y 2 ӷ 1 , the angle between the effective field eff and the z axis gets rapidly very small, and the magnetization nutates virtually around the z axis. After one quarter of a rf period we have eff Ϸ 2 2 . The magnetization is in the xz plane, and has reached its maximum deviation from the z axis ͑0.07°͒. At t = / rf (half of a rf period) the effective field is again eff = 1 , and at the same time M is oriented exactly along the z axis. During the next half of a rf period the effective field is eff Ϸ −2 2 . Correspondingly, M describes a symmetric trajectory with corresponding negative x values. After a full rf period, M is again oriented along the z axis, and the figure of eight is closed.
If the transparency condition is not fulfilled, the trajectory is no longer a closed curve, and the magnetization moves on a toggling path towards the xy plane, as shown in Fig. 4(b) for z = 1 and the first five rf periods. In the toggling frame with k = 0, the movement would appear as a nutation to the xy plane around the effective field vector 1,0 .
Strong mw field
For strong mw fields, as they are used in pulse EPR experiments, higher-order contributions to the effective field become relevant. This reduces the value of z for which transparency is observed. For a mw amplitude 1 /2 = 5 MHz, corresponding to a pulse of length 100 ns, transparency occurs at z = 2.3306 instead of z = 2.4048.
For the resonant case the tip of M describes again a figure of eight, but with larger maximum deviation from the z axis [see Fig. 5(a) ]. When the mw field is off-resonant, the trajectory is distributed over a wider area on the unit sphere. This is shown in Fig. 5(b) for a resonance offset of ⍀ S /2 = 5 MHz. Although for both the on-resonant and off-resonant case the spin system is still transparent for the single-photon transition, the multiple photon transitions have nonzero transition amplitudes. This is the reason for the larger deviation of M from the z axis.
B. Coherence
We now consider the behavior M under a bichromatic field starting from transverse magnetization along the −y axis.
Weak mw field
With the same parameters as in Sec. III A 1 the magnetization along the −y axis essentially experiences only the rf field ͑ 2 ӷ 1 ͒. Since for the first half of a rf period the off-resonance caused by the rf field is positive, the magnetization moves in the right-hand sense close to the xy plane, with a small negative z component due to the weak mw field. After half of a rf period, M is again in the xy plane, and has accumulated a phase of about 280°with respect to the starting position. During the second half of the rf period, M experiences the same off-resonance field but with opposite sign, and thus moves back with a small positive z component. After one full rf period M reaches again the −y axis. The resulting trajectory is shown in Fig. 6(a) . 
Strong mw field, inhomogeneous lines
For the great majority of paramagnetic systems the lines are inhomogeneously broadened. It is therefore of interest to investigate the behavior of such spin systems under a bichromatic pulse. For strong mw fields the maximum z component of M during transparency gets larger than for the case of a weak mw field [see Fig. 6(b) ]. Figure 7(a) shows the dephasing of the magnetization after application of a nonselective / 2 pulse to a spin system with an inhomogeneous line of width ⌫ FWHH = 1 MHz (FWHH: full width at half height). Due to the applied rf field, the observed free induction decay (FID), shown in Fig. 7(b) , manifests as a damped oscillation instead of a monotonic decay. The corresponding situation for an inhomogeneous line of width ⌫ FWHH = 10 MHz is shown in Fig. 7(c) . The residual transverse magnetization observed after the rapidly decaying FID [ Fig. 7(d) ] is mainly caused by the two-photon transitions mw + ± rf , since their resonance positions lie now within the linewidth. The effective field of these transitions is not zero, causing an oscillatory steady-state signal.
IV. EXPERIMENT
The bichromatic pulse experiments were carried out on a Bruker Elexsys E580 X-band spectrometer. The rf field parallel to the static magnetic field was produced by the rf coil of a pulse ENDOR probehead (Bruker ER 4118X-MD5-EN) rotated by 90°. The rf was amplified by a broadband amplifier (Amplifier Research, model 250A250A).
The setup for the generation of bichromatic pulses and the pulse and trigger times are shown in Fig. 8 . A stable rf phase, fixed with respect to the pulse sequence, was obtained by feeding a long pulse trigger, which covers the complete pulse sequence, to an arbitrary wave-function generator (LeCroy LW420B). The rf pulses applied during the mw pulses were then generated from this reference rf pulse by a rf gate, using the two rf pulse triggers ("P1" and "P2") of the PatternJet pulse programmer unit of the Elexsys console.
The relative amplitude of the rf field was measured via the output peak-to-peak voltage of the ENDOR coil. The conversion factor between this voltage and the rf amplitude was determined by a Davies-ENDOR nutation experiment on protons. This allowed us to check the plausibility of the proposed dependence of the effective field on the parameter z =2 2 / rf , with an accuracy of about 20%. The error is caused by the different characteristics of the experimental setup for the proton-ENDOR frequency of about 14 MHz and the 10 MHz rf field used in Secs. V A and V B.
V. EXPERIMENTAL VERIFICATIONS
To verify the predicted dependency of the effective field on the rf amplitude and to show the feasibility of the transparency induced by the longitudinal field, two types of experiments were carried out. Delocalized radicals in coal were used as a two-level model system. All experiments were done at room temperature.
A. Nutation experiment
In this experiment the nutation of the magnetization vector (starting from thermal equilibrium) during a bichromatic pulse, with the mw frequency resonant with the center of the line, is recorded as a function of the rf parameter z = ͑2 2 / rf ͒ by integrating over the FID that follows the pulse. For a radio frequency rf /2 = 10 MHz and a fixed rf amplitude 2 the pulse length is incremented from 0 to 8 s, in steps of 10 ns. According to Eq. (15), the phase of the observed signal is shifted by ⌬͑t p ͒ = ͑2 2 / rf ͒sin͑ rf t p ͒. Although the resulting additional oscillation of the signal has a large amplitude, it does not interfere with the nutation and has thus no influence on the results. After Fourier transformation of the time trace the nutation frequency is obtained, which gives the effective field amplitude 1,0 of the singlephoton transition.
The results are plotted in Fig. 9 as a function of z =2 2 / rf . The nutation frequency is maximum for z = 0, and decreases with increasing z. For z Ϸ 2.4 the nutation frequency is zero, and the magnetization vector essentially remains oriented along the z axis; the spin system is transparent. For 2.4Ͻ z Ͻ 5.5 the nutation frequency increases again, with a phase change of 180°due to the negative sign of 1,0 . For z Ϸ 5.52 [second zero crossing of J 0 ͑z͒] the spin system is again transparent to the mw radiation. The theoretically predicted nutation frequency 1,0 = 1 J 0 ͑z͒ is in good agreement with the experimental data. The third-order contribution c k ͑3͒ to the effective field defined in Eq. (7) is negligible, since for the used radio frequency rf /2 = 10 MHz and mw amplitude 1 /2 Ϸ 2.1 MHz (estimated from the nutation frequency caused by the mw pulse alone), c 0 ͑3͒ shifts the zero crossing by less than 1 %.
B. Two-pulse echo experiment
In the second experiment the intensity of a primary echo, created by a two-pulse sequence consisting of a bichromatic pulse and a monochromatic mw pulse, is measured as a function of the rf parameter z = ͑2 2 / rf ͒. The pulse sequence is shown in Fig. 10(a) . The effective flip angle of the first (bichromatic) pulse is proportional to the effective field in the toggling frame of the single-photon transition,
In a standard two-pulse echo experiment the echo intensity is proportional to sin͑␤ 1 ͒sin 2 ͑␤ 2 /2͒, with the flip angles ␤ 1 and ␤ 2 of the first and second pulse ͓38͔. For the echo intensity I observed with the sequence in Fig. 10͑a͒ we thus expect
with the nominal maximum flip angle ␤ 1 = 1 t p . The experimentally observed echo intensities as a function of the rf parameter z are shown in Fig. 10͑b͒ . The pulse lengths were 200 ns for the bichromatic pulse and 400 ns for the monochromatic pulse. The delay time was = 600 ns, and the flip angle ␤ 1 of the first pulse was slightly smaller than / 2. The radio frequency rf /2 = 10 MHz was kept con- stant and the rf amplitude 2 was varied. The experimental data were fitted with good agreement by Eq. ͑17͒.
The echoes observed at five particular rf fields are shown in Fig. 10(c) . Without rf field (z = 0, position 1) the echo signal is maximum. With increasing z the flip angle ␤ eff and thus also the echo decrease. For z Ϸ 2.4 the spin system is transparent to the first pulse, so that no coherence is created that could be refocused to an echo by the second pulse (position 2). For 2.4Ͻ z Ͻ 5.5 the echo changes its phase and reaches the maximum amplitude at z Ϸ 3.9 (position 3). The second zero crossing is found for z Ϸ 5.5 (position 4) and the next local maximum is reached at z Ϸ 7.2 (position 5).
VI. ONE-PULSE ECHO
Bichromatic pulses can be used as a tool to control experimentally the transition amplitude, including the full suppression of the interaction of the mw field with the spin system. As an example we demonstrate that an electron-spin echo can be generated with a single mw pulse, when during part of this pulse a free evolution period is artificially created by a rf pulse, with a field amplitude that fulfills the first transparency condition.
In such a one-pulse echo experiment with a mw pulse of length t mw , a rf pulse of length 1 is turned on at time t p1 and turned off at time t mw − t p2 , with 2t p1 = t p2 and 1 = t mw − t p1 − t p2 [see Fig. 11(a) ]. Nominal flip angles ␤ 1 = / 2 during t p1 and ␤ 2 = during t p2 are used. The pulse scheme thus corresponds to a two-pulse echo sequence, ͑ /2͒ − 1 − ͑͒ − 2 − ͑echo͒, with an artificial free evolution period of time 1 , and a normal free evolution period of length 2 = 1 . During time 1 the spin coherence evolves as it would do during a free evolution period, except from a phase shift depending on z =2 2 / rf , the rf phase, and the length of the bichromatic pulse [see Eq. (15)].
Figure 11(b) shows experimental time traces for mw pulse lengths t mw = 1.3-3.1 s and rf pulse lengths 1 = 0.4-2.2 s, and fixed times t p1 = 300 ns and t p2 = 600 ns. The radio frequency was 15 MHz. The signal that follows the mw pulse consists of a FID and an echo at time 2 = 1 , as in a conventional two-pulse echo sequence. The rf phase was optimized for maximum echo amplitude. Since 1 was increased in steps that were multiples of the rf period, the phase shift according to Eq. (15) was zero.
This experiment successfully demonstrates that an artificial free evolution period can be created during a mw pulse, in which the spin coherence is not destroyed by the mw field.
VII. CONCLUSIONS
We have shown theoretically and experimentally that a two-level spin system can become transparent to mw radiation under the influence of a longitudinal rf field. The experimental results demonstrate that the theory based on the toggling-frame approach correctly describes the behavior of a spin system excited by bichromatic pulses. For certain values of the rf field amplitude the electron-spin system becomes transparent to the mw field. To illustrate the behavior of the spin system under the combined mw and rf radiation, we showed examples of numerically calculated trajectories described by the tip of the magnetization vector. Finally, the phenomenon of an artificially induced free evolution during a bichromatic pulse is verified by a one-pulse echo experiment.
There are several potential applications of the observed transparency effect in EPR spectroscopy. In a number of pulse EPR techniques two mw fields with frequencies mw,1 and mw,2 = mw,1 + ⌬ are used to excite different spin packages. The mw field mw,2 can then be replaced by a bichromatic field with frequencies mw,1 and rf = ͉⌬͉. If the rf field fulfills the transparency condition for the single-photon transition, a bichromatic pulse with this rf field will excite FIG. 11. One-pulse echo experiment with an artificial free evolution period on a coal sample at room temperature, mw /2 = 9.626 GHz (X-band), rf /2 = 15 MHz, and B 0 = 341.1 mT. (a) The pulse sequence shows the mw, rf, and resulting effective fields acting on the single-photon transition of the spin system. t p1 = 300 ns, t p2 = 600 ns, t mw = 1.3-3.1 s, and 1 = 0.4-2.2 s. During the time interval 1 a rf pulse is applied, with the normalized rf field amplitude z =2 2 / rf which fulfills the first transparency condition for the single-photon transition. spin packages resonant for S = mw,1 ± rf , but not the ones resonant for S = mw,1 . The effective field amplitude for the transitions with S = mw is zero.
Bichromatic pulses have already been successfully implemented in two-pulse EPR experiments [42] , namely, in stimulated soft electron-spin-echo envelope modulation (ESEEM), allowing the observation of nuclear frequencies with selective mw pulses [43] , and in double electronelectron resonance for the determination of distances between electron spins [44] . Other potential candidates for bichromatic pulses are pulse ELDOR-detected NMR, an alternative to ESEEM in cases when the forbidden transitions are very weak [45] , and hyperfine-selective ENDOR, a twodimensional method in which the ENDOR spectrum is disentangled into a second dimension, representing the hyperfine couplings [46, 47] .
The influence of relaxation on the robustness of the transparency effect, which is of major importance in optical transparency experiments, has not been addressed in this work. Owing to the very low frequencies used in EPR spectroscopy, compared to experiments in the optical regime, spontaneous emission is negligible. Relaxation, however, is present in the form of transverse relaxation of coherence and longitudinal relaxation of polarization. The studied bichromatic field experiments showed qualitatively a similar behavior as in standard pulse EPR experiments. The investigated transparency effect was also successfully observed in different paramagnetic systems such as transition-metal complexes (crystals, glasses, powders), radicals, and biradicals. We therefore think that relaxation is of minor importance for the quality of the transparency effect. Nevertheless it would be of interest if there are, for example, modified relaxation mechanisms for coherences and polarizations between different dressed states.
Finally, it should be mentioned that the multiple photon processes discussed in this work, including transparency induced by a longitudinal field, are not restricted to electron spins. Similar effects principally could also be achieved with nuclear spins, allowing the implementation of novel experimental approaches in NMR spectroscopy.
